Applying organic amendments to cropland affects corn (Zea mays L.) response to tillage systems differently. Identifying causes of the tillage by amendment interaction could match amendment inputs to responsive tillage systems. The objectives of this research were to determine if shoot dry matter (DM), nutrient uptake, and soil water use could explain the tillage by compost interaction for corn-grain yield. A corn-soybean [Glycine max (L.) Merr.]-wheat (Triticum aestivum L.)/clover (Trifolium spp.) rotation, in all phases, with or without compost amendment, was initiated in 1998 in plots that had been managed with moldboard plow (MP), chisel plow (CT), or no-tillage (NT) since 1988. Compost amendment increased corn whole-plant P and K uptake 19 and 21%, averaged across 2 yr. No-tillage increased whole-plant P uptake 1 yr compared to MP and CT (113 vs. 65 kg ha 21 ) and increased grain P concentration (3.1 vs.
C
ORN YIELD response to tillage and organic amendment often exhibits interactions (Mataruka et al., 1993; Eghball and Power, 1999; Singer et al., 2004) . Explanations for this response are not always conclusive. Mataruka et al. (1993) in New York reported similar maize DM yields in 1 yr and 14% lower DM yield in another year using moldboard plow with dairy cattle (Bos taurus) manure and supplemental fertilizer compared to ridge tillage (RT) with manure and supplemental fertilizer. They concluded that lower N uptake by the moldboard plow treatment with manure and supplemental fertilizer may have been associated with denitrification losses from the manure. Eghball and Power (1999) in Nebraska reported similar dryland corn grain yield in NT and conventional tillage (disking and cultivation) with beef feedlot compost in 3 of 4 yr in their continuous corn study. In the 4th year, NT yielded less than conventional tillage with compost application. Averaged across year, the compost treatment in conventional tillage yielded 8% less than the fertilizer treatment but 20% less in NT. Compost application rates were similar in both tillage systems, and were selected to provide 151 kg N ha 21 . First-year N availability from compost was approximately 20% and was similar across tillage (Eghball and Power, 1999) . They concluded that beef cattle feedlot compost can be effectively utilized in NT corn production systems when the correct N availability factor is selected. Singer et al. (2004) in Iowa reported tillage by compost interactions in 2 of 4 yr comparing MP, CT, and NT treatments with or without swine (Sos scrofa L.) compost. Corn yield in NT with compost was 11% greater than without compost and similar in MP with or without compost in the last 2 yr of the study. Chisel tillage with compost yielded 6% greater than without compost in the 3rd year and yielded similarly in the 4th year. They concluded that the tillage by compost interaction was probably not related to soil N because clover was frostseeded during the wheat phase of the rotation in all plots and basal stalk nitrate data generally did not indicate plant deficiency or explain yield responses.
Corn response to tillage and organic amendment has been associated with soil N dynamics most often, but responses are probably more complex. Ginting et al. (1998) compared moldboard plow and RT in continuous corn with and without beef manure and reported no tillage by manure interactions for P concentration and P uptake in grain. Most of the tillage and organic amendment experiments have been conducted in continuous corn or have had short histories of organic amendment, and only compared two tillage extremes. Compost amendment adds organic matter and nutrients. The organic matter additions may increase water-holding capacity, which may improve the soil water status during periods of deficit rainfall. Hudson (1994) reported that available water capacity of soil more than doubles as organic matter content increases from 5 to 30 g kg 21 . After four compost applications, Singer et al. (2004) reported organic matter concentrations of 65 g kg 21 with compost compared to 56 g kg 21 without compost amendment. Because compost amendment increases soil organic matter, soil-plant water status was hypothesized to affect the tillage by compost response. Furthermore, because compost amendment occurs on the soil surface in NT and is incorporated in MP and CT, soil-plant nutrient status was hypothesized as a component of the tillage by compost interaction that has been reported. The objectives of this research were to determine if shoot DM, nutrient uptake, and soil water use could explain the tillage by compost interaction for corn grain yield. CT, and NT since 1988 . In 1997 the entire site was planted to soybean. In 1998, a corn-soybean-wheat/clover rotation was initiated with all phases represented each year in each tillage system. Additional information about the management practices from 1998 through 2002 can be obtained in Singer et al. (2004) .
MATERIALS AND METHODS
The experimental design was a randomized complete block in a split-plot treatment arrangement with four replicates. The compost application rate during the first crop rotation cycle (1998) (1999) (2000) was set at 8000 kg C ha 21 per application, reduced to 4000 kg C ha 21 during the second cycle (2001) (2002) (2003) , and changed to a P removal basis commencing in 2004. Compost was applied after corn and wheat/clover in 2002 and 2003 and only after wheat/clover in 2004. The P removal rate was based on the P removal by corn, soybean, and wheat during the 3-yr rotation (35, 22, and 16 Compost total C and N were determined after acidification with 0.5 M HCl (1:2 sample/solution ratio), air drying, grinding, and dry combustion in a Carlo-Erba NA1500 NCS elemental analyzer (Haake Buchler Instruments, Paterson, NJ) as described by Cambardella et al. (2003) . Compost samples from 2004 were acidified with 0.44 M tartaric acid instead of HCl. Total P and K were determined on dried, ground samples (0.85-mm screen) after digestion with 10 mL deionized (DI) water, 5 mL HNO 3 , and 1 mL HCl. Potassium was analyzed using atomic absorption in emission mode, while P was determined colorimetrically using ascorbic acid/ammonium molybdate.
Late spring soil NO 3 -N (LSNT) concentrations were used to determine sidedress N application rates in compost and nocompost plots. Eight soil cores from the surface 30 cm were collected from each subplot and a composite sample was processed (Blackmer et al., 1989 One stainless steel neutron probe access tube was installed in each subplot in the row to a 2.5-m depth, although water contents deeper than 1.5 m were not used for this study because of high water tables. The access tubes were 50-mm diam. and installed with a hydraulic auger. Bentonite was filled in around the top 0.2 m to prevent water flow down the side of the tube. Neutron probe measurements were usually made once a week during the growing season. Soil water content was determined every 20 cm starting at 30 cm. A volumetric soil sampler was used to measure gravimetric soil water to 30 cm, and then subdivided every 10 cm. When the access tubes were installed in 2004, the extracted soil was saved for determining gravimetric water content at each depth the neutron probe was read. Because the access tubes were installed over a few weeks, a range of water contents enabled calibration of the neutron probe. The calibration for all sites and depths was u 5 20:457 1 0:469 3 ratio [1] where u is water content, and ratio is neutron probe count divided by background count. Shoot DM was collected in 2003 and 2004 from a 0.76-m 2 area in each subplot when growth stage was approximately V6 (Hanway, 1963) , V12, RS, R3, and R6. Grain was separated from the shoot material at the R6 sampling date and ovendried to determine kernel number, kernel weight, and harvest index (HI). All shoot material was dried in a forced-air oven at 708C until a constant weight was achieved. Grain from the harvest sample and all other dried shoot material was ground to pass through a 1-mm screen and analyzed for total N, P, and K. Total N was measured using flash combustion and a thermal conductivity detector on a gas chromatograph (GC) column. Total P and K were analyzed using an inductively coupled plasma-optical emission spectrometer (ICP-OES) after microwave digestion with 10 mL HNO 3 and dilution to 100 mL using DI water. Whole plant N, P, and K uptake were calculated for each growth period as the product of whole plant N, P, and K concentration and whole plant DM. Twelve stalk segments from 15 to 35 cm above the soil surface were collected at grain harvest, dried at 608C for 5 d, ground to pass a 0.85-mm screen, and analyzed for NO 3 -N by leaching 0.25 g of the ground sample with 50 mL of 2 M KCl solution, creating a 200-fold dilution. Nitrate-N concentration in the leachate was determined using a Lachat autoanalyzer (Lachat Instruments, Milwaukee, WI; Method 12-107-04-1-B). Three interior rows were harvested with a plot combine for grain yield and adjusted to a moisture content of 155 g kg 21 .
Harvest plant density counts were determined by counting all the plants in 7.6 m of six rows. Daily rainfall and air temperature were recorded at a weather station about 1.5 km from the experimental site and presented by month for each growing season (Table 1) .
Preliminary analysis and diagnostics revealed considerable spatial variability in most variables. Variance stabilizing transformations were considered for each variable using multiple tests including Box-Cox transformations and symmetry plots. Fixed effect analysis of variance with a terrain covariate (mean spatial elevation or slope) were performed on each variable. Routine and spatial residual diagnostics were examined to see if the error assumptions were reasonably met. Least squares means (with probability of differences) were estimated for each factor and their interactions. For the CER and g s time response data, the season maximum and day of occurrence were estimated using methodology guided by the work of Giltinan (1995 and . Response curves for each plot and each variable were developed and the properties were derived from analysis of each curve. Analysis of variance methods were employed to estimate each property. Each response variable for each year displayed a unique response requiring unique curve form. In some cases trigonometric series were used, while in others skewed nonlinear curves worked the best. Results were considered significant if P values were ,0.1.
RESULTS AND DISCUSSION Late-Spring Soil Nitrate Test
Separate models were run for each year because rainfall amount and timing affected plant response differently (Table 1) . May rainfall in 2004, which was 96 mm higher than the 30-yr mean, probably had the greatest effect on LSNT values. The below-average air temperatures in May and June of 2003 probably also lowered LSNT values (Table 2) . In 2003, a tillage by amendment interaction was detected for LSNT. No-tillage had similar LSNT across amendment (7.1 mg kg 21 ), while MP with compost was higher than no-compost (12.0 vs. 9.5 mg kg 21 ) and CT with compost was lower than without (7.8 vs. 10.7 mg kg (2004) reported tillage effects on LSNT from the same study during 3 of 4 yr. The inconsistent LSNT response may be attributed to the lower compost rate during this study period, variable clover density and subsequent N contribution before the corn phase, and spring temperature and precipitation, which would affect N release from clover residues. Bakhsh et al. (2000) reported that LSNT-based N rates were 179 and 156 kg N ha 21 for NT and CT treatments, averaged across 6 yr. In this study, the addition of frostseeded clover to plots with and without compost may have masked tillage effects on the LSNT.
Soil Water
Averaged across dates in 2003, neither tillage nor amendment effects were observed for soil water content (data not presented). In 2004 averaged across dates, compost amendment increased depth of soil water (8.43 . 7.72 cm) compared to the no-compost treatment from the 0.0 to 0.3 m depth and for the 0.0-to 1.3-m depth (44.7 . 43.6 cm). Tillage effects were not detected in this study. More pronounced soil water effects were not detected because the landscape effects were greater than the treatment effects. Elevation and slope at the experimental site were included as covariates in most of the statistical analysis and reflect their importance in this landscape, even in these small plots. Singer and Cox (1998) reported similar soil water depletion in the 0.0-to 0.3-m soil depth between MP and CT in a corn-soybeanwheat/red clover rotation in a dry year and more rapid soil water depletion in MP than CT in a year with normal precipitation. Many of the differences in soil water depletion that Singer and Cox (1998) reported occurred within a 7-to 10-d period during linear growth in corn. The ability to detect differences in soil water depletion ) and CT (0.66 vs. 0.60 mol m 22 s 21 ). Averaged across tillage, the no-compost treatment delayed the days after planting to reach maximum CER and g s in 2003. In 2004, averaged across amendment, NT reached the maximum CER 5 d later than CT. Averaged across tillage, no-compost had a higher maximum g, but also required three additional days to reach the maximum than the compost treatment. Cox et al. (1990) measured CER in MP, NT, and RT and reported that MP had higher CER than NT or RT on 11 of 16 measurement dates from 34 to 65 d after emergence during a dry period in the 1988 growing season and similar CER among tillage systems for the remainder of the growing season.
Whole-Plant Dry Matter and Nutrient Uptake
Dry matter accumulation was affected more by tillage and amendment treatment in 2003 than 2004 (Fig. 1) , presumably because of the differences in timing and total rainfall. In 2003 averaged across amendment, MP and CT had greater DM accumulation at 47 DAP than NT (184 vs. 69 kg ha 21 ). At 103 DAP, a tillage by amendment interaction was detected because MP had similar DM in compost and no-compost treatments, while CT and NT had 13% and 18% less DM in no-compost compared to compost treatments. The MP and NT DM response at this sampling date was similar to the CER max interaction, but not consistent with the CT CER response. At 128 DAP, the interaction was not significant (P value 5 0.138). Averaged across amendment, MP and CT had greater DM accumulation than NT (27 056 ). In 2004, there was no tillage effect detected at any sampling date and compost had greater DM than no-compost at two of the five measurement dates, but no difference was found for final DM accumulation.
Nitrogen uptake, averaged across amendment, was greater in MP and CT (8 kg ha Eghball and Power (1999) , who stated that early plant growth may not be a good indicator of yield or N uptake in dry years. Only the no-compost treatment exhibited increasing N uptake over time. The MP, CT, and compost treat- 454 † MP, moldboard plow; NT, no-tillage. ‡ Means followed by the same letter within a column are not different at P , 0.1. ments reached maximum N uptake at the 128 DAP sampling date. The NT treatment exhibited declining N uptake from the 103 to 128 DAP sampling interval, but increased N uptake from 128 to 169 DAP. In 2004, compost amendment increased N uptake at 63 and 116 DAP, but no differences were observed at the final sampling among tillage systems or amendment treatment.
Compost amendment increased P uptake at each sampling point in 2003 and 2004 (Fig. 2) . Final P uptake was similar across tillage systems in 2003, but compostamended plots removed 76 compared to 59 kg P ha 21 in the no-compost treatment. In 2004 averaged across amendment, NT removed 113 kg P ha 21 compared with 65 kg P ha 21 in MP and CT. Compost-amended plots removed 88 compared to 74 kg P ha 21 in the no-compost treatment. Potassium uptake response to amendment treatment was similar in 2003 to the P response. Moldboard plow and CT had greater K uptake than NT at 47 DAP, but similar K uptake among tillage system was measured at the final sampling date. Final K uptake was 332 and 260 kg ha 21 for compost and no-compost treatments, averaged across tillage. Compost amendment increased K uptake at each sampling date in 2004. A tillage by amendment interaction was detected at 80 DAP and tillage main effect at 95 DAP, but final K uptake was not affected by tillage. Compost amendment increased final K uptake 20% compared to nocompost amendment.
Grain Yield, Yield Components, and Grain Nutrient Uptake
A tillage by amendment interaction was detected for grain yield in 2003 (Table 4) . Moldboard plow with compost yielded 22% less than MP without compost, while CT and NT yielded the same with and without compost. Yield in no-compost treatments ranked MP . CT . NT, and in compost treatments CT 5 MP . NT. No differences were detected for kernel mass, but kernel number was 20% greater in CT than MP and NT, averaged across amendment, and 10% greater in the nocompost compared to compost treatment, averaged across tillage. Differences in kernel number were probably related to soil water deficits during early reproductive growth that affected kernel development (Claassen and Shaw, 1970) (Table 5) . Moldboard plow and CT with compost yielded the same as the no-compost treatment, while NT with compost yielded 9% higher than the no-compost treatment (14.7 vs. 13.3 Mg ha 21 ). Kernel mass was similar in MP and NT with or without compost and 7% higher in CT without compost than with compost. Harvest index was higher in NT than MP and CT, but similar in amendment treatment. Nitrogen concentration was higher in NT compared to CT, but similar in amendment treatment. Phosphorus concentration was greater in NT than either MP or CT and also greater in compost compared to the no-compost treatment. Ginting et al. (1998) reported greater corn grain P uptake in manure compared with no-manure treatments in MP and reduced tillage systems, but they did not detect a tillage main effect or tillage by manure interaction. No differences were detected for K concentration among tillage systems, but compost amendment increased K concentration compared to the no-compost amendment. Grain yield in 2005 exhibited tillage main effects (P value 5 0.095) but no amendment effect (P value 5 0.794) or tillage by amendment interaction (P value 5 0.619). Moldboard plow yielded similarly to CT (14.8 vs. 12.7 Mg ha 21 ; P value 5 0.110) and greater than NT (12.2 Mg ha (Binford et al., 1992) and that compost amendment increased stalk nitrate concentration in 2005 (Table 6 ). Stalk nitrate was not detectable in 2003 (data not presented), most likely because of the dry August that limited soil N uptake and increased plant N remobilization.
Compost amendment of soil from bedded swine manure or beef cattle manure sources provides N, P, and K inputs for crop production and adds C. Corn growing in compost-amended soil may increase growth rates under favorable early to midseason growing conditions, but this can have a detrimental effect on late-season growth, depending on tillage, if deficit rainfall occurs. Corn growing on compost-amended soil also exhibits luxury consumption of P and K. A mechanistic understanding of the causes of the tillage by compost response observed in this and other studies will require more intensive measurements to detect ephemeral differences in soil water use, soil physical and chemical properties, and corn growth.
CONCLUSIONS
Corn plants growing in compost-amended soil accumulated more P and K than plants growing in nonamended soils, but the greater uptake was not associated with increased grain yield. Compost provided either no benefit or a negative effect to corn yield in MP. Compost provided no benefit to corn yield in CT. Corn growing in NT derived no benefit or a positive effect on grain yield from compost amendment. The tillage and compost responses observed in this study could not be explained by plant N, soil water use, leaf gas exchange, or DM partitioning. Sequential compost application can reduce inorganic N inputs for corn production, but must be balanced with P removal to avoid excessive soil P accumulation. 
